The addition of small impurities, such as a single proton charge carrier, in noble gas clusters has recently been shown to have considerable effects on their geometries and stabilities. Here we report on a mass spectrometric study of cationic clusters of N 2 molecules and the effects that adding hydrogen, in the form of D 2 , has on the systems. Protonated nitrogen clusters formed by the breakup of D 2 are shown to have similar behaviors as protonated rare gas clusters. For larger systems consisting of different mixtures of intact N 2 and D 2 , the different molecular species are found to sometimes be interchangeable with regards to magic numbers. This is especially true for the (N 2 ) n (D 2 ) m D + systems with n + m = 17, which is particularly abundant for all measured combinations of n and m.
I. INTRODUCTION
Nitrogen compounds have attracted interest in recent years as a potential source of clean energy. 1, 2 The triple bond in N 2 is particularly stable and one of the strongest molecular bonds available 3 (9.8 eV), and reactions increasing the bond orders between N atoms could potentially be used to release significant amounts of stored chemical energy. And while the number of all-nitrogen molecular species vastly dwarfs that of, for example, all-carbon molecules, a large amount of work has gone into identifying such species and their properties, including the theoretical prediction of a fullerene-like N 60 . 4
The smallest molecule of pure nitrogen, the ubiquitous N 2 , has been the target of numerous studies in the context of cluster physics. Cationic clusters of N 2 have been produced and studied by means of different experimental techniques, such as ion impact on nitrogen solids at cryogenic temperatures, 5-8 by electron impact 9-14 or photoionization 15 of gas phase clusters. These have identified even-numbered cluster series consisting of intact N 2 molecules as well as products resulting from the fragmentation of such a molecule, giving clusters with odd numbers of N atoms. The latter in particular have attracted the attention of theory for describing the reaction products formed. [16] [17] [18] [19] Nitrogen molecules have also found use as weakly interacting molecular tags in ion spectroscopy applications. [20] [21] [22] Negatively charged clusters of N 2 have also been produced in doped helium nanodroplets 23 and in supersonic expansion, 24 and were later studied theoretically. 25 These experiments showed that the odd-numbered (N 2 ) n N − 3 were the dominant species, with magic sizes appearing at n = 4 and 11, 23 and it was predicted that these were formed by the packing of N 2 molecules around the stable azide core. Theory showed that this was indeed a plausible explanation, with the molecules were arranged parallel to the core. 25 However, they also showed that simple interaction potentials could not fully describe the interactions as the charge will delocalize over the surrounding molecules. 25 Weakly interacting clusters of molecules share many characteristics with atomic rare gas clusters, 9,26 which have attracted a significant amount of interest since the early 1980s.
Countless studies of rare gas clusters since then have shown such systems form highly symmetric structures where abundance anomalies in the measured mass spectra can be explained by simple sphere packing models and the closure of structural (sub-)shells. 9,27-30 More recently it was shown that these simple models, that work well for neutral systems, can break down for charged clusters, and that protonated rare gas clusters generally have structures that better match these models than the pure cationic systems. 31, 32 In light of this, we here report on measurements of nitrogen clusters mixed with hydrogen (D 2 ), which we use to produce protonated clusters. Helium droplets doped with molecular nitrogen and deuterium have been studied in the past, in a work that focused on ion-molecule reactions and the formation of N 2 D + . 33 In this present study we expand the scope to include clusters containing up to 30 N 2 molecules. We identify and discuss differences in the mass spectra between pure (N 2 ) + clusters and the protonated systems, as well as how the mixtures of the two species behave. Particularly noteworthy is that N 2 and D 2 molecules are found to be partially interchangeable with regards to stable structures and we argue why this is the case.
II. METHODS

A. Experimental Details
Droplets of superfluid He were formed in the expansion of compressed and cooled He gas (Messer, 99.9999% purity) through a 5 µm nozzle into vacuum. The stagnation pressure of the He prior to expansion was 25.0 bar and the nozzle was cooled by a two stage closed cycle cryocooler to 10.0 K. Under these conditions, droplets were formed with a broad lognormal size distribution where the mean droplet size is on the order of 10 5 He atoms. 34 The central part of the He beam then passed through a 0.8 mm skimmer positioned 8 mm downstream from the nozzle. After the skimmer the neutral droplets traverse a pair of pickup chambers where they interacted with N 2 and D 2 gas, respectively, capturing molecules along the way that could condense to form cold clusters within the droplets. Deuterium is used in order to reduce overlap with clusters containing one or more 15 N isotopes, but the results should be equivalent to using H 2 . The doped droplets were subsequently ionized by the impact of electrons with kinetic energies of 60 eV. This ionizes He atoms near the surface of the droplets, after which the holes migrate through the droplets, attracted by the higher polarizability of dopants relative to the surrounding He. In this way, multiple charge centers may be formed that may expel each other, including charged dopants from the droplets 35 producing bare, charged dopant clusters. The charged products were analyzed using a reflectron time-of-flight mass spectrometer (Tofwerk AG model HTOF) with a rated massresolution of 5000. The mass spectra were reduced using the IsotopeFit software, 36 which allows for the extraction of clusters distributions while correcting for isotopic distributions.
This method for producing and analyzing weakly bound clusters has been used on numerous occasions in the past and shown to give results that are directly comparable to other methods for cluster production, such as supersonic expansion. 31 
B. Theoretical Details
Quantum chemical structure calculations have been performed to investigate the structures of our clusters using the Gaussian 16 software. 37 Based on test calculations involving comparisons with coupled cluster calculations (CCSD/cc-pVTZ) as a reference for bond lengths, angles, and charge distributions, we found that calculations using Hartee-Fock level of theory provided comparable structures for the pure, cationic N 2 clusters, while density functional theory (DFT) using the M06-HF functional worked well for protonated systems.
III. RESULTS AND DISCUSSION
A mass spectrum of cationic products formed by the ionization of He droplets doped with N 2 and D 2 is shown in Figure 1 . In the overview shown in the left panel, the dominant feature is the series of (N 2 ) n D + clusters that are labeled according to their n-values. In addition to this series, contributions from He + n , D + m , mixtures of these, as well as different mixtures of (N 2 ) n D + m litter the spectrum. In all cases, systems with and odd number of D atoms dominate as the ionization process readily leads to the breakup of a D 2 molecule, producing a D + ion. In the rest of the text, the term "protonated" is used to describe cluster ions carrying a D + ion. The two right panels of Figure 1 show detailed views of narrow mass ranges of the same spectrum, highlighting the amount of features that can bee identified in the measurements. As can be seen in the right panels, a benefit of the large mass defect of the deuterium atom is that isobaric clusters containing He or N 2 can be easily distinguished from systems with different numbers of D atoms.
The intensities of the (N 2 ) n D + and (N 2 ) + n cluster series have been extracted using the IsotopeFit software, which allows us to separate and integrate the different contributions in the mass spectrum, and are shown in Figure 2 . For the protonated series, a number of magic sizes are clearly visible: most notably n = 2, 6, 7, 12, and 17. In contrast, the pure (N 2 ) + n clusters have fewer distinct features, with n = 19 being somewhat more abundant than neighboring sizes. In the pure cluster series, the error bars at small sizes are relatively large due to the overlap with He + n clusters, which are omnipresent at low masses for clusters produced in He nanodroplets.
The appearance of multiple distinct magic numbers for the protonated clusters mimics results with protonated rare gas clusters. 31, 32 In the case of rare gases, the presence of a proton has a stabilizing effect on the clusters compared to pure, cationic systems. This leads to magic numbers for the protonated systems that match predictions for neutral rare gases and sphere packing models. 27, 31 Here, the magic numbers for (N 2 ) n D + , most notably n = 2, 7, 12, and 17, match the packing of N 2 molecules around a (N 2 -D-N 2 ) + ionic core in icosahedral (sub-)shells, like was seen for the rare gases. increases. Our calculations indicate that the octahedral structure of (N 2 ) 6 H + is slightly favorable over (N 2 ) 7 H + with its pentagonal bipyrimid structure, which is consistent with the pair of magic numbers at these sizes found in the experimental data and their relative abundances. Additional N 2 molecules then form two more pentagonal rings above and below the initial ring to give closed sub-shells consistent with the n = 12 and 17 magic numbers.
Also shown in Figure 3 is the calculated structure for (N 2 . Thin lines are used to aid the reader in identifying the three dimensional structures and the atomic coordinates are given in the supplementary information.
anomaly in the experimental data. This structure contains a (N 2 ) + 2 ionic core, where the charge is delocalized over the two center molecules which form a tightly bound system, much like as is seen for cationic rare gas clusters. 31 The structure of this cluster is similar to the (N 2 ) 19 H + with an additional pair of N 2 molecules forming end-caps along the central axis.
The shorter length of the (N 2 ) + 2 ion in the pure clusters compared to (N 2 -D-N 2 ) + in the protonated systems allows the additional molecules to favorably interact with the cluster, giving this larger magic size. Again, this matches the trends observed for protonated rare gas clusters. 31 
FIG. 4. Cluster size distributions from measurements with a larger fraction of deuterium than in the prior figure. The magic sizes n = 2, 6, and 12 are again visible for the (N 2 ) n D + clusters.
Adding D 2 molecules shifts the positions of magic sizes, most notably with a n = 5 peak being dominant for both (N 2 ) n D + 3 and (N 2 ) n D + 5 clusters. An example is also shown for larger systems containing 53 and 101 D atoms, respectively. Here, there are no magic cluster sizes visible and the N 2 number series follow smooth distributions.
Increasing the relative yield of deuterium in our apparatus, we are able produce clusters mixes of N 2 and intact D 2 . Figure 4 shows a selection of extracted ion yields as a function of the number of N 2 molecules for systems containing 1, 3, 5, and 53 D atoms. Compared to the data shown in Figure 2 , the mean N 2 cluster size is somewhat smaller now, but the (N 2 ) n D + distribution is otherwise consistent between the measurements. The (N 2 ) n D + 3 distribution is similar to the (N 2 ) n D + series, with the main features shifted by one N 2 molecule (most notably n = 6 → 5), presumably due to a D 2 molecule replacing a N 2 unit in the protonated clusters. However, with the addition of another D 2 molecule, the n = 5 feature is still the most prominent anomaly, indicating that the deuterium molecules are not a perfect substitute in the nitrogen clusters for preserving their structures. The last curve in Figure 4 shows two examples of much larger systems, arbitrarily chosen, with 53 and 101 D atoms, respectively, together with n N 2 molecules. These distributions are completely smooth with no distinct abundance anomalies, but there is a noticeable shift in the N 2 distribution towards larger sizes for the clusters with more deuterium. This is to be expected as larger parent He droplets will, on average, pick up more of both N 2 and D 2 than smaller droplets due to their larger geometrical cross sections. The smooth distributions are consistent with pickup statistics and indicates that the N 2 molecules are mixed with deuterium and do not form solvated clusters as this would be expected to result in features similar to the gas phase (N 2 ) + n series in Figure 2 . In Figure 5 Calculated structures for three different conformers of (N 2 ) 16 H 2 H + (at M06-HF/def2-TZVPP level) are shown in Figure 6 . All three are based on the structure of (N 2 ) 17 H + shown in Figure 3 , where a N 2 molecule has been replaced by H 2 -due to symmetry these three replacements cover all possible combinations with the same basic structure-before the structures are re-optimized. In all cases it is clear that the overall structure of the cluster is largely preserved. However, unlike the N 2 molecules that are aligned with their molecular axes oriented towards the charge center, the H 2 molecule prefers to be aligned perpendicular to the charge. This can also be seen in Figure 7 where we show the interaction potential energy calculated for a point charge (q = +1 e) around N 2 and H 2 molecules with frozen structures. In this picture, the interaction strength between the point charge and the molecules is similar in magnitude (minimum energy of 3.3 eV for N 2 and 2.6 eV for H 2 ), but it is clear that the preferred orientations are offset by 90 degrees. These interaction energies are also consistent with the calculated proton affinities for the two molecules, at 5.1 eV and 9 20 30 40 50 60 Total number of N + D atoms Due to the complexity of the problem, we have refrained from calculating structures for higher order mixtures of nitrogen and hydrogen molecules than is shown in Figure 6 . As the ratio of mixing increases, the number of possible conformers will drastically increase from the three that we have here. Nonetheless, some general observations arguments can be made about the mixing and the occurrence of magic numbers. The molecules surrounding the ionic core are attracted by ion-induced dipole interactions and as we have seen in Figures Structure c) has the H 2 molecule as part of the central ionic core and exhibits both a much higher energy as well as a lopsided, less symmetric structure. The coordinates of the structures are given in the supplementary information. 6 and 7, the N 2 and H 2 prefer to align themselves perpendicular to each other relative to the charge center. The interactions between these neutral molecules will in turn be the result of non-bonding van der Waals forces. The typical interaction distances for such systems can be determined by the van der Waals radii of the atoms in the molecules. The van der Waals radii of N and H atoms are 1.55Å and 1.2Å, respectively. 38 The spacing between molecules when packing N 2 , which are aligned with their axes oriented towards the center of the cluster, will then simply be given by twice the van der Waals radius, i.e. 3.1Å. For the perpendicular H 2 on the other hand, the space occupied by a molecule in the lattice will be twice the van der Waals radius plus the H-H bond length (∼ 0.75Å), which gives 3.15Å. Some studies have also found that the van der Waals radius of H is somewhat overestimated, 39 which would reduce this number somewhat. Regardless, the interaction distances for the N 2 and perpendicular H 2 molecules are very similar and this is likely the reason for the efficient mixing of the two species since the overall structure is preserved when packing the molecules around the central ion. The reason why (N 2 ) n (D 2 ) m D + clusters where n + m = 17 are particularly stable with regards to mixing is likely due to this size representing the closure of the first solvation shell around the charge center. For sizes below this, the molecules will be more mobile within the cluster and there will less preference for a specific (and particularly stable) geometry for any given cluster size. For larger clusters the outer layers of molecules will be less influenced by the charge, reducing the preference of the N 2 and H/D 2 molecules to orient themselves perpendicular to each other. While these arguments explains the observations made, a more detailed explanation of the details will call for additional theory that lies beyond the scope of this work.
IV. SUMMARY AND CONCLUSIONS
Like with rare gases, 31, 32 protonation has a strong effect on the overall structures and associated magic numbers of cationic N 2 clusters. The protonated clusters have a charge center consisting of a (N 2 -H/D-N 2 ) + unit that extends the separation between these N 2 molecules compared to the N + 4 unit in the pure clusters, and which affects the packing of neutral molecules around the center of the cluster. For the pure cationic clusters, abundance anomalies in the mass spectra indicate that the first solvation shell closes after a total of 19 N 2 molecules, while for the protonated systems this number is 17.
Mixing of intact hydrogen molecules in the nitrogen clusters indicates that the two species are somewhat interchangeable with regards to the observed magic numbers. This is particularly true for protonated clusters consisting of a combined total of 17 N 2 and D 2 molecules, which are especially abundant for all measured mixtures. In our calculations we observe that the neutral N 2 molecules orient themselves with their axis pointing towards the charge center in the cluster, while the H/D 2 molecules are aligned perpendicular to this. In this orientation, the two different molecular species occupy the close to same amount of space in the first solvation shell, which explains the efficient mixing.
Due to the strong electrostrictive effect that the charge has on the first solvation layer, this shell can likely be considered to be solid. Comparable dense layers of localized solvation shells have been before, such as the "snowballs" of densely packed He atoms that can form around a range of ionic species. [40] [41] [42] [43] [44] [45] [46] The size-dependent interchangeability of the N 2 and H/D 2 molecules in solvation shells studied here show properties similar to substitutional alloys in metallurgy, as such they could be considered to be solid, dielectric nano-alloys. 
